Abstract. The role of meteorology, hydrology and atmospheric deposition on the temporal pattern of SO 4 and NO 3 concentrations was investigated for three streams draining alpine catchments in Northern Italy.
Introduction
A sharp decrease of sulphur deposition has occurred in the last 15-20 years throughout Europe as a consequence of international agreements in emission control under the Convention on Long Range Transboundary Air Pollution (CLR-TAP). These efforts have resulted in a significant widespread recovery of aquatic ecosystems from acidification in several areas of Europe (e.g. Evans et al., 2001; Skjelkvåle et al., 2005) . Nevertheless, the recovery in different areas could be masked to a greater or lesser degree according to the role played by confounding factors such as those related to climate change or N enrichment of surface waters.
A number of studies demonstrated how climate plays a role along with atmospheric deposition in water chemistry and its change in time (e.g. Aber and Driscoll, 1997; Eimers and Dillon, 2002; Aber et al., 2002; Mitchell et al., 2006) . In temperate northern ecosystems changes in snow cover associated with climate change might be a major factor affecting the nature and the extent of hydrological nutrient losses. Freezing and thawing cycles, for instance, can have marked effects on biotic activity and nutrient release in upland soils, leading to high concentrations of nitrate in stream waters after soil freezing episodes (Mitchell et al., 1996) . Climate warming may also delay recovery from acidification, enhancing N mineralisation processes and increasing NO 3 leaching from soils to surface water (Lükewille and Wright, 1997) . In fact, rates of both N mineralization and nitrification are sensitive to changes in air temperature and soil moisture (Stark and Hart, 1997) . The CLIMEX project showed that increased temperature resulted in increased flux of NO 3 to running waters, and this effect may shift the seasonal pattern of NO 3 flux in streams and rivers (Wright, 1998) . Furthermore, the effect of warm summers and droughts on NO 3 leaching can persist over several years (Reynolds et al., 1992) . In this paper we focus on the temporal pattern of SO 4 and NO 3 concentrations in three selected streams located in the alpine area of Northern Italy. Despite their location far from the main emission sources, these remote sites are nonetheless threatened by high deposition of pollutants (Mosello et al., 1999; Balestrini et al., 2006) . Because the selected rivers are located along a gradient of N and S atmospheric inputs, the comparison of nitrate and sulphate variations in their waters is of great interest in making hypotheses about the future impact of global changes. Given the relative similarity of soil characteristics at the selected sites, the potential effect of climate on water chemistry at the most impacted sites (Rivers Cannobino and S. Bernardino) should give some insight into the evolution of the most pristine one (River Masino). On the other hand, the main processes identified at the least impacted site should make it possible to reconstruct the main steps that have lead to the present condition of the polluted catchments.
Data used in this study have been collected in the framework of research projects dealing with atmospheric deposition of sulphur and nitrogen compounds and its effects on surface water. Like most of Europe, the alpine area experienced a sharp decline of SO 4 deposition in the last two decades. Nitrogen deposition, on the other hand, increased slightly or remained stable (Rogora et al., 2006) . Deposition of inorganic N, as the sum of ammonium and nitrate, is extremely high in this area (150-200 meq m −2 y −1 ), due to a combination of high precipitation (1700-2200 mm) and elevated concentration of N compounds in atmospheric deposition (Rogora et al., 2006) .
The chemistry of Rivers Cannobino and S. Bernardino, tributaries of Lake Maggiore, has been monitored by the CNR Institute of Ecosystem Study since the 1970s in the framework of studies on eutrophication and recovery of the lake ). River Cannobino is also included in the ICP Waters network (International Co-operative Programme on Assessment and Monitoring of Acidification of Rivers and Lakes), set up under the CLRTAP (Mosello et al., 1999) . Like several other sites in the same area, the Cannobino and the S. Bernardino catchments have undergone N saturation with consequent leaching of NO 3 to surface waters. The huge flux of N from atmospheric deposition, together with a low net ecosystem production in the old-growth forest covering the catchments have been proposed as the main causes for the N saturation status (Rogora and Mosello, 2007) .
The water chemistry of River Masino has been analysed since 1997 within the CONECOFOR Project, part of the International Cooperative Programme on Assessment and Monitoring of Air Pollution Effects on Forests (ICP Forests), also set up under the terms of the CLRTAP. Since 1987, the Water Research Institute and the Regional Forest Board have been working together to establish a monitoring network in Lombardy to evaluate the relationships between atmospheric deposition and forest ecosystem responses. The investigations focused on high elevation catchments, particularly sensitive to environmental perturbations due to high levels of precipitation, acidic soils, and rapid hydrological flushing during runoff (Balestrini and Tagliaferri, 2001 ). Additional research is currently being performed in the Val Masino area, with the aim of improving understanding of the effectiveness of the biological compartment in modifying the fluxes of atmospheric elements, and to investigate the role of nitrogen both as an acidifying element and as a nutrient . This study investigated the temporal pattern of SO 4 and NO 3 concentrations in river water. In this connection we focused on the relationship between meteorological variables (temperature and precipitation), hydrology, SO 4 and NO 3 deposition and river chemistry at three sites representative of different hydrological regimes and N saturation levels. Climate-chemistry relationships were investigated at different temporal levels: trends, seasonal dependence, episodes or short-term changes. The main aims of the study were: 1) to analyse water chemistry response to meteorology, hydrology and atmospheric deposition; 2) to identify which meteorological variables were the best predictors of water chemistry changes and the major confounding factors in acidification recovery; 3) to formulate some hypotheses about the possible effect of climate change on the response of the site to atmospheric deposition of S and N compounds.
Study area and methods
The study sites are located in the alpine area of Northern Italy, in the regions of Lombardy (1 site) and Piedmont (2 sites). The main characteristics of the study sites are sketched in Table 1 .
Rivers Cannobino and S. Bernardino are located in the watershed of Lake Maggiore, one of the largest Italian lakes. The river catchments are mainly forested (about 80% of the total catchment area) and located at altitudes between about 200 and 3000 m a.s.l. (Table 1 ). Both catchments are sparsely populated and do not include any intensive industrial, stockrearing or agricultural activity. The morphological characteristics of the area do not permit extensive agriculture, so that the use of N fertilizers is negligible. These rivers have been sampled monthly and analysed for the major chemical determinants since 1971 .
Masino is an alpine stream located in a remote highaltitude area, with a catchment mainly consisting of bare rocks and meadows (75% of the total area) (Balestrini et al., 2002) . The catchment considered in this study comprises the upper basin of the River Masino, where the monitoring plots of the CONECOFOR Project are located (Balestrini et al., 2002) . Stream water samples at this site were collected weekly from the snowmelt (March or April) to November. Sampling was interrupted during the winter period since the stream was frozen and nearly dry. The depth of the water was measured by a hydrometric gauge placed at the sampling site. The arithmetic means of weekly data (concentrations and water levels) were used to obtain monthly values.
Meteorological data used in the study were collected as follows: for Rivers Cannobino and S. Bernardino, mean values of temperature and precipitation from a number of meteorological stations in the catchments were used. This allowed us to obtain representative values for the whole catchment, in consideration of the wide area and the steep altitudinal gradient.
For River Masino temperature and precipitation data collated at the meteorological station in the monitoring plot were used. Monthly mean values of maximum (Tx), minimum (Tn), mean (Tm) temperature and precipitation amount (mm) were considered for all the sites.
As to hydrological data, monthly mean values of water discharge (Q) were used for the Cannobino and the S. Bernardino, while only water level data (Hidr) were available for the Masino site. For the latter site mean annual values of snow cover were also considered in the analysis.
Atmospheric deposition data were obtained from the atmospheric deposition sampling sites of Pallanza (River S. Bernardino), Lunecco (River Cannobino) and Val Masino (River Masino). At these sites atmospheric deposition samples were collected weekly and analysed for the main chemical variables Balestrini et al., 2002) . Deposition values were calculated by multiplying monthly weighted mean concentrations and monthly precipitation amount.
Monthly values were used for all variables in the elaboration. In order to compare the temporal pattern of SO 4 and NO 3 in the three rivers, only the common period 1997-2005 was considered here.
Various methods of statistical analysis were applied to chemical, meteorological and hydrological data in order to describe the main temporal patterns and investigate climatechemistry relationships. Seasonal dependence was tested by Table 1. means of the Kruskall Wallis test (months as groups). The test was used here simply as a way to check whether or not the means among groups were significantly different from one another. Trend analysis was performed with the Seasonal Kendall Test (Hirsch et al., 1982) , using the modified procedure described by Hirsch and Slack (1984) to take serial correlation into account. Trend slopes (B) were calculated according to Sen (1968) . Cross-correlation function was used to assess the relationships between chemical data and explanatory variables. Before calculating CC, repeated loess smoothing (Cleveland et al., 1990 ) was applied to time series data to remove the seasonal signal from the data. Stepwise linear regression (backward selection of variables) was used as a tool to identify the best predictors of water chemistry among the selected explanatory variables. The model selection was performed on the basis of the Akaike's information criterion (AIC). All statistical analyses were performed with the following softwares: Brodgar vers. 2.5.1 (Highland Statistics Ltd) and S-plus 2000 (Math Soft). (Table 1) .
Results and discussion

Water chemistry and seasonality
The dynamics of monthly NO 3 and SO 4 concentrations in the study rivers since 1997 are shown in Fig. 1 . The study sites lie on a gradient of atmospheric fluxes of SO 4 and NO 3 : annual mean SO 4 deposition increases from 51 meq m −2 y −1 at the Masino site to 62 (River Cannobino) and to 81 (River S. Bernardino). The corresponding values for NO 3 deposition are 40, 78 and 90 meq m −2 y −1 , respectively. Water chemistry clearly reflects the atmospheric inputs: River Masino is characterised by distinctly lower concentrations of both SO 4 and NO 3 compared to Rivers Cannobino and S. Bernardino (Fig. 1) . Annual mean concentrations of SO 4 were 43, 115 and 158 µeq l −1 , respectively; the corresponding values for NO 3 were 23, 54 and 85 µeq l −1 .
Monthly average values (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) of selected explanatory variables (precipitation amount, discharge, SO 4 and NO 3 deposition) are shown in Fig. 2 , while the seasonal patterns of NO 3 and SO 4 in river water are plotted in Fig. 3 by means of box and whiskers plots.
The seasonal dependency resulting from the KruskallWallis Test, turned out to be highly significant (p<0.0001) for all the variables in the case of River Masino. Results were remarkably similar at the other sites, with a less evident seasonal dependency for water chemistry: only slightly significant (p<0.01) for SO 4 and not significant at all for NO 3 ( Table 2 ).
The precipitation regime was quite similar at the three sites, with minimum precipitation amount in winter and maxima in spring and autumn. In contrast, the sites differed from the point of view of the hydrological regime, the discharge of the Cannobino and the S. Bernardino being much more related to precipitation amount (R=0.81-0.82, p<0.001) than in the case of the River Masino (Fig. 2) .
NO 3 and SO 4 concentrations in River Masino showed an evident seasonal pattern (Figs. 1 and 3) , with a limited difference from one year to the next. On the other hand, there was high interannual variability in the Cannobino and the S. Bernardino, with NO 3 peaks usually occurring in different months of the year (Fig. 1) . NO 3 fluctuations in these rivers were not related to NO 3 deposition (R=0.06-0.14, p>0.05), but depended on hydrology or biological processes taking place in the soil: for instance the spring maxima may derive from the leaching of previously stored N in the soils in winter months (Sickman et al., 2002; Murdoch et al., 1998; Mitchell et al., 2003) . For River Cannobino a biological control of NO 3 concentrations can be hypothesised for summer months (June-July), even though this effect has seemed to be less and less evident in recent years (Rogora and Mosello, 2007) . NO 3 levels in River S. Bernardino never went below 50 µeq l −1 , confirming an advanced level of N saturation (stage 3 according to Stoddard's model of N saturation; Stoddard and Traaen, 1994) .
NO 3 data for River Masino seem to indicate a tendency towards increasing values during the winter months (Fig. 3) . At the onset of snowmelt, the draining of the upper organic soil layers can result in a small pulse in stream water NO 3 concentration (Campbell et al., 1995; Stottlemeyer, 1997) . Melting snow characterised by low NO 3 concentrations and biological processes consuming N could explain the declining level during spring and summer. NO 3 concentrations in stream water were lower than those in precipitation from May to September and higher during the winter months. The release of soil inorganic N to stream water can become more important than atmospheric deposition in the cold season (fall and winter) and during the onset of snowmelt, which generally occurs in April. Other studies on snowmeltdominated streams underline the importance of soil water flushing in influencing stream water chemistry (Foster et al., 1989; Arthur and Fahey, 1993; Creed et al., 1996; Stottlemeyer, 1997) . NO 3 levels never below 10 µeq l −1 and occasionally over 40 µeq l −1 , suggest, on the base of Stoddard's approach (Stoddard and Traaen, 1994) , that a certain level of N saturation (stage 2) can be hypothesized also for this site. On the other hand, the substantially lower inorganic N (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) . B: trend's slope according to Sen (1968) . Significance levels: *** p<0.0001; ** p<0.001; *p<0.01; n.s. not significant. Abbreviations as follows: mm = precipitation amount; Q = discharge; Hidr = hydrometric level; NO 3 river and SO 4 river = NO 3 and SO 4 concentrations in river water; NO 3 rain and SO 4 rain = NO 3 and SO 4 concentrations in atmospheric deposition; NO 3 dep and SO 4 dep = NO 3 and SO 4 fluxes. Tn = minimum temperature; Tx = maximum temperature; Tm = mean temperature. concentration measured in the soil solution of mineral horizons , could indicate a lack of connection between the deeper soil water draining the forest ecosystem and the stream water. Alternatively, it might suggest that the stream water chemistry, integrating prevailing processes acting in the entire catchment, also reflects the hydrologic contribution of the higher parts of the catchment, where the massive presence of bare rocks limits the retention of atmospheric N inputs. The seasonal pattern of SO 4 concentrations in the Cannobino and the S. Bernardino was inversely related to discharge (R=−0.44 and −0.56, respectively, p<0.001), showing that dilution/concentration are the main processes controlling SO 4 variation at these sites. River Masino exhibited higher SO 4 levels in April, a rapid decrease to the summer months followed by an increase from the beginning of fall to the frozen period (Fig. 3) . As in the other streams, this trend mirrored discharge (R=−0.63, p<0.001, between SO 4 and Hidr), which reached a maximum in summer and a minimum in winter (Fig. 2) .
Trends
Results of the trend analysis performed with the Seasonal Kendall Test (SKT) are shown in Table 2 together with the trend's slope (B) calculated according to Sen (1968) . Precipitation amount decreased significantly in the Masino area in the study period, determining a sharp decrease in runoff. Low hydrometric levels were recorded especially in the last few years of the record (2003) (2004) (2005) , with a tendency towards more severe droughts than in previous years.
A significant increasing trend of water discharge was detected for River Cannobino. Because there was little change in the annual mean values, the SKT result was due to the relatively high discharge values recorded in the winters of [2003] [2004] [2005] . In fact the trend calculated separately for each season proved to be highly significant in winter (p<0.0001) and not significant in the other periods. Winter precipitation and snow cover in the upper part of the watershed were extremely scarce in the last few years of the record. This factor, coupled with mild winter temperatures, may have determined an increase in runoff in the winter period.
Temperature data did not show any significant trend, apart from a slight increase in the maximum temperature for River S. Bernardino. The lack of significant trends in temperature values was undoubtedly due to the short time period considered in the study; the analysis of long-term data series for the same area clearly show increasing trends of temperature, and also suggest that it is mainly in the last 30 years that this tendency towards warming has emerged (Rogora et al., 2004 ).
An increase of NO 3 levels in stream water was detected (p<0.001; 0.7<B<1.3 µeq l −1 y −1 ), despite the lack of a significant trend in both NO 3 concentrations in rain and NO 3 deposition ( Table 2 ). The lack of a significant trend in NO 3 deposition at the study sites confirmed results obtained on a broader scale: trends of both NO 3 concentrations and fluxes did not show a uniform pattern in the alpine area, and especially in the foothills of the Alps the high amounts of precipitation still determine huge deposition fluxes of N (Rogora et al., 2006 ).
An increasing trend of NO 3 levels in surface waters has been observed in several rivers and lakes in the alpine and subalpine areas of Northern Italy and N saturation has been suggested as the main reason for these trends Rogora et al., 2001) . The lack of a significant seasonality in NO 3 levels, and hence of a reduced N retention capacity even in the growing season, confirmed this hypothesis for the Cannobino and the S. Bernardino. In the case of River Masino, the significant decrease in water level certainly also played a role in NO 3 increase, as shown by the weak, though significant correlation between these two variables (R=−0.29; p<0.01).
Since there was a marked seasonal dependency in both stream chemistry and hydrology, the Mann-Kendall test was also applied on weekly data available for the Masino site. Three sub-periods were considered: snow melt (April-May), summer (July-August) and autumn (October-December). A significant increase of NO 3 was detected during snowmelt (p<0.001, B=0.939) and in autumn (p<0.0001, B=0.857), but not in the summer months when the biological activity is most intense. The same analysis performed on hydrometric height revealed significant decreases (p<0.01; −3.6<B<-2.1) in all three periods. A significant negative correlation emerged between NO 3 and hydrometric height during AprilMay (R=−0.43; p<0.01) and October-December (R=−0.61; p<0.001). This suggests that the biological compartment is still able to limit the availability of inorganic nitrogen during summer, while, in the rest of the year, nitrate release is partly controlled by physical processes.
SO 4 decreased significantly only in River Masino (p<0.001), as a response to the rapid decrease of both SO 4 concentration in rain and SO 4 deposition ( Table 2 ). The trend slope of SO 4 deposition was very similar at the three sites (between −0.24 and −0.29 meq m −2 y −1 , corresponding to an overall decrease of 2.1-2.6 meq m −2 in 1997-2005); but in relative terms the decrease was of about 5.6% at the Masino site compared to 2.8% in the Cannobino and S. Bernardino. It must be emphasised that a much greater decrease of SO 4 deposition has occurred in the alpine area since the 1980s, with the sharpest decrease in the late 80s, followed by a slight decrease in the 90s (Rogora et al., 2006) .
Climate-chemistry relationships
The relationships between water chemistry (SO 4 and NO 3 concentrations) and the selected explanatory variables were also investigated with cross-correlation (CC) analysis (Table 3). Because most variables showed a significant seasonal dependency, we applied repeated loess smoothing (span width 0.4) to all the data. This allowed us to investigate the temporal correlations among the time series, especially short-term climate effects, avoiding spurious correlations deriving from a common seasonal pattern. Highly significant climate-chemistry relationships were found when the two time series co-varied and maxima and minima were encoun- tered at the same time e.g. maxima in NO 3 or SO 4 levels in correspondence to the highest temperatures (or the lowest in case of a negative relationship).
NO 3 levels in River Masino were significantly correlated to precipitation amount (CC=−0.75), and hydrometric level (CC=−0.57). Since the snowmelt dominates the annual stream hydrograph, these correlations could be interpreted taking account of the influence of the extreme rainy events occurring during late summer and autumn when the NO 3 temporal pattern is mainly driven by dilution processes. For example, the minimum nitrate concentrations (10 and 12 µeq l −1 ) in the 8-year period were measured during the floods of November 1999 and October 2000, when the hydrometric height was 140 cm and 80 cm, respectively. Nitrate increase in autumn associated with increased precipitation has been reported in the literature mostly from areas with snowmelt-dominated hydrology (Likens et al., 1977; Weaver and Forcella, 1979) . These pulses were attributed to the input of litterfall organic matter combined with a reduced plant uptake. The opposite behaviour observed at River Masino should also suggest a lower impact of the runoff from the forested part of the basin on stream chemistry. Despite the lack of a significant correlation with air temperature, NO 3 in River Masino showed some response to this variable, especially to extreme values: for instance the coldest winters of the study record (2004 and 2005) were followed by the highest NO 3 peaks in spring months (Fig. 1) . The low N retention capacity of frozen soils during cold winters can be hypothesised as the main cause for this pattern (Mitchell et al., 1996) . Many authors found a link between the reduction of snow cover and the intensification of soil freezing and freeze/thaw cycles with consequences for the biological community (bacteria and roots) and therefore for the release of nutrients (Edward and Cresser, 1992; Brooks et al., 1996; Groffman et al., 1999) . The annual amounts of snow measured in the Masino area during the winter period preceding the snowmelt is plotted in Fig. 4 , along with the minimum winter temperatures. The NO 3 concentration patterns during 2001 and 2002, respectively the most and least snowy year, exhibited remarkable differences (Fig. 4) . NO 3 values measured during the spring of 2001 were about 30% lower than those recorded the next year, and are the lowest (Fig. 1 ). An opposite response to extreme temperatures was found for the other study sites. The significant positive crosscorrelation between NO 3 and maximum temperature in the Cannobino and the S. Bernardino (CC=0.29 and 0.55, respectively) lead to the hypothesis that temperature-dependent processes, such as mineralization and nitrification, explain NO 3 pulses in the water of these rivers. N release from soils may derive from enhanced mineralisation and nitrification during warm periods (Van Breemen et al., 1998) . A climate control on NO 3 leaching through temperaturedependent processes is certainly relevant at N saturated sites. It is true that these processes may not affect the long-term trend in response to N deposition, but they may explain shortterm variability and eventually accelerate the trend over time (Murdoch et al., 1998) . Monthly NO 3 concentrations in Rivers Cannobino and S. Bernardino were plotted against the de-seasonalised time series of maximum temperature in values above the long-term mean for this area (Fig. 5a) . A similar correspondence was observed in River S. Bernardino data (Fig. 5b ), though without a less evident time lag between temperature increase and NO 3 response than in the Cannobino. SO 4 in River Masino was partly controlled by atmospheric input, showing a positive relationship with SO 4 concentration in rain and SO 4 deposition (CC=0.54 and 0.38, respectively). The small catchment area, the steep slope favouring a rapid flushing of runoff water and the presence of a thin soil cover all contributed to a reduced exchange capacity between runoff water and soils in the Masino catchment. This could explain the rapid response of SO 4 levels in running waters to SO 4 deposition, as shown both by CC and trend analysis (Tables 2 and 3) . SO 4 in River Cannobino, and to a lesser extent in River S. Bernardino, was inversely related to precipitation amount (CC=−0.66 and −0.36, respectively) and positively correlated to temperature values.
As hypothesised for NO 3 leaching, SO 4 release from catchment soils may also be driven by temperaturedependent processes such as desorption and mineralisation of previously stored SO 4 . Furthermore high temperature may enhance weathering of sulphurbearing minerals in rocks and soils , so leading to increasing SO 4 export to surface waters. This effect could be of some importance in the Cannobino catchment, where weathering represents a non-negligible contribution of SO 4 to river water .
Multiple linear regression was applied to the monthly data to discover the best predictor variables for water chemistry at the various sites. Hydrology (precipitation amount and discharge), minimum and maximum temperatures and NO 3 and SO 4 deposition (both concentrations and fluxes) were used as explanatory variables. Model coefficients and the main statistical parameters are shown in Table 4 .
The best model fitting was obtained with River Masino data: SO 4 values were fairly well predicted by the hydrometric level, minimum temperature and SO 4 concentration in rain. Minimum and maximum temperatures were the main predictors for NO 3 concentrations, though the model fitting was significantly lower compared to that of SO 4 (Table 4) . Significant regression models, though with rather a poor fit, were obtained for SO 4 concentrations in Rivers Cannobino and S. Bernardino, with discharge (and precipitation amount for the S. Bernardino) as the main predictor. On the other hand, the selected variables failed to model NO 3 concentrations at these two sites (Table 4) .
Generally speaking, the approach of empirical modelling by linear regression was not successful at the study sites. Only for River Masino chemical data were quite well predicted by meteorological and hydrological data, with temperature being the main driver of change. The atmospheric input also had some importance in SO 4 fluctuations and trend at this site.
Conclusions
The analysis of river chemical data showed that SO 4 concentrations were mainly driven by dilution and concentration processes. River Masino, exposed to the lowest SO 4 loads, seems to have responded fairly well and rapidly to changes in hydrology and atmospheric input. The catchment characteristics, which prevent a significant interaction between runoff water and soils, have facilitated this process. Conversely, desorption of previously stored SO 4 or other soil processes may account for some variations in SO 4 levels in Rivers Cannobino and S. Bernardino. Previous studies showed that SO 4 levels in these rivers responded slowly to decreased deposition and the decrease was in any case less than the decline in input fluxes . Because temperature proved to be an important factor in the SO 4 export from these river catchments to runoff water, climate warming may be delaying acidification recovery by enhancing SO 4 desorption and increasing mineralisation in soils.
Unlike SO 4 , NO 3 deposition has not shown a widespread decline in the alpine area (Rogora et al., 2006) . Thus, a delay effect on recovery processes or even more a re-acidification effect can be expected from the NO 3 leaching from soils to surface water, still in the less contaminated area of River Masino.
At N saturated sites such as the Cannobino and the S. Bernardino, temperature-dependent processes such as mineralisation and nitrification in soils could play a major role in NO 3 enrichment of surface waters in the near future. These temperature effects are not yet evident at River Masino, where biotic processes still have the major role in controlling the release of nitrate during the growing season. On the other hand, hydrological changes in autumn and winter proved to be the main driver of increasing NO 3 in River Masino. At present, changes in precipitation regime and snow cover are probably more important than temperature variation in determining the NO 3 temporal pattern at this site. But in the future, the temperature-dependent processes which are important at the other sites could add synergistically to the hydrological processes and cause an increase of NO 3 also in the summer period.
According to future scenarios of global change, climate warming will be more pronounced in mountain areas than in lowland regions (IPCC, 2001) . Increasing temperature together with changes in the rain to snow ratio will greatly affect the hydrological cycles at high-altitude sites (Haeberli and Beniston, 1998) . Alpine rivers, like those considered here, could experience major changes in their hydrological regime in a changing climate. Scenarios provided by regional climate models and measured data available for some sites in the study region show a tendency towards reduced precipitation, mainly in winter and summer, and increasing occurrence of droughts (Rogora et al., 2004; Ambrosetti et al., 2006) . According to our findings, both these two changes may strengthen the effect of chronic N deposition on surface water ecosystems.
A better understanding of climate change impact on the N cycle in these sensitive areas is of overwhelming importance. Along with long-term monitoring at key sites, in-depth investigations of the main biogeochemical processes at the catchment scale are needed to make reliable predictions of water response to atmospheric deposition in a changing climate.
